The gamma strength function (GSF) and level density (LD) of 1 − states in 96 Mo have been extracted from a high-resolution study of the ( p, p ) reaction at 295 MeV and extreme forward angles. By comparison with compound nucleus γ decay experiments, this allows a test of the generalized Brink-Axel (BA) hypothesis in the energy region of the Pygmy Dipole Resonance (PDR). The BA hypothesis is commonly assumed in astrophysical reaction network calculations and states that the GSF in nuclei is independent of the structure of initial and final state. The present results validiate the BA hypothesis for 96 Mo and provide independent confirmation of the methods used to separate GSF and LD in γ decay experiments.
Introduction.-The gamma strength function describes the average γ decay behavior of a nucleus. Their knowledge is required for applications of statistical nuclear theory in astrophysics [1] , reactor design [2] , and waste transmutation [3] . Although all electromagnetic mulipoles contribute, the GSF is dominated by the E1 radiation with smaller contributions from M1 strength. Above particle threshold it is governed by the IsoVector Giant Dipole Resonance (IVGDR) but at lower excitation energies the situation is complex: In nuclei with neutron excess one observes the formation of the Pygmy Dipole Resonance (PDR) [4] sitting on the low-energy tail of the IVGDR. The impact of low-energy E1 strength on astrophysical reaction rates and the resulting abundances in the r process have been discussed e.g. in Refs. [5] [6] [7] .
Most applications imply an environment of finite temperature, notably in stellar scenarios [8] , and thus reactions on initially excited states become relevant. Their contributions to the reaction rates are usually estimated applying the generalized Brink-Axel (BA) hypothesis [9, 10] , which states that the GSF is independent of the properties of the initial and final states and thus should be the same in γ emission and absorption experiments. Although historically formulated for the IVGDR, where it seems to hold approximately for not too high temperatures [11] , this is nowadays a commonly used assumption to calculate the low-energy E1 and M1 strength functions. Recent theoretical studies [12, 13] put that into question demonstrating that the strength functions of collective modes built on excited states do show an energy dependence. However, numerical results for E1 strength functions obtained in Ref. [12] showed an approximate constancy as a function of excitation energy consistent with the BA hypothesis.
Recent work utilizing compound nucleus γ decay with the so-called Oslo method [14] has demonstrated independence of the GSF from excitation energies and spins of initial and final states in a given nucleus in accordance with the BA hypothesis once the level densities are sufficiently high to suppress large intensity fluctuations [15] . However, there are a number of experimental results which indicate violations of the BA hypothesis in the lowenergy region. For example, the GSF in heavy deformed nuclei at excitation energies of 2 − 3 MeV is dominated by the orbital M1 scissors mode [16] and potentially large differences in B(M1) strengths are observed between γ emission and absorption experiments [17] [18] [19] . At very low energies (< 2 MeV) an increase of GSFs is observed in Oslo-type experiments [20, 21] , which for even-even nuclei cannot have a counterpart in ground state absorption experiments because of the pairing gap.
For the low-energy E1 strength in the region of the PDR, the question is far from clear when comparing results from the Oslo method with photoabsorption data. Below particle thresholds most information on the GSF stems from nuclear resonance fluorescence (NRF) experiments. A striking example of disagreement is the GSF of 96 Mo, where the results from the Oslo method [22, 23] and from NRF [24] differ by factors 2 − 3 at excitation energies between 4 and 7 MeV. A problem with the NRF method are the experimentally unobserved braching ratios to excited states. While many older analyses of NRF data assume that these are negligible, in Ref. [24] [25, 26] . Violation of the BA hypothesis was also claimed in a simultaneous study of the (γ, γ ) reaction and average ground state branching ratios [27] in 142 Nd (see, however, Ref. [28] ). Clearly, information on the GSFin particular in the energy region of the PDR -from an independent experiment is called for.
A new method for the measurement of complete E1 strength distributions -and thereby the E1 part of the GSFs -in nuclei from about 5 to 25 MeV has been developed using relativistic Coulomb excitation in polarized inelastic proton scattering at energies of a few hundred MeV and scattering angles close to 0
• [29] [30] [31] [32] [33] . These data allow the dipole polarizability to be determined which provides important constraints on the neutron skin of nuclei and the poorly known parameters of the symmetry energy [34] . They alsopermit extraction of the M1 part of the GSF due to spinflip excitations [35] , which energetically overlaps with the PDR strength. Furthermore, when performed with good energy resolution, the level density can be extracted in the excitation region of the IVGDR from the giant resonance fine structure independent of the GSF [36] . This allows an important test of the model-dependent decomposition of LD and GSF in the Oslo method [14] .
Such a test has been performed for the case of 208 Pb [37] and good agreement of LDs deduced from the Oslo method and the (p, p ) data was found. However, because of the extremely low LD of a doubly magic nucleus and the corresponding strong intensity fluctations in a ground-state absorption experiment, the comparison of the GSFs in the PDR energy region remained inconclusive. Here, a study of an open-shell nucleus is reported, where the LD should be sufficiently high to a comparison of averaged quantities from the (p, p ) experiment. The case of 96 Mo was selected for a critical examination of the above-discussed apparent violation of the BA hypothesis in the low-energy regime suggested by the NRF data [24] .
Experiment.-The 96 Mo( p, p ) reaction was studied at RCNP, Osaka, Japan. Details of the experimental techniques can be found in Ref. [38] . A proton beam of 295 MeV with intensities of about 2 nA at 0
• up to 6 nA at larger spectrometer angles and with an average polarization P 0 0.67 impinged on a 96 Mo foil isotopically enriched to 96.7% with an areal density of 3 mg/cm 2 . Data were taken with the Grand Raiden spectrometer [39] placed at 0
• covering an angular acceptance of ±2.6
• and excitation energies E x 5−23 MeV. The energy resolution varied between 25 and 40 keV (full width at half maximum, FWHM). Normally (N ) and longitudinally (L) polarized beams were used to measure the polarization transfer coefficients [40] D N N and D LL , respectively. Additional data with unpolarized protons were taken for angles up to 6
• . Figure 1 (a) displays the spectra taken at spectrometer angles 0
• , 3
• , and 4.5
• . Besides discrete transitions at low excitation energies, a resonance-like struc- 208 Pb [29] and 120 Sn [32] . The ∆S = 1 strength observed at high E x can be understood to arise from quasi-free scattering [42] . Alternatively, a multipole decomposition analysis (MDA) was performed for angular distributions of the cross sections in the PDR and GDR regions. For this purpose, angular cuts were applied to the spectra of Fig. 1(a) providing 4 data points each. The MDA followed closely the approach described in Refs. [29, 30] . For the nuclear background the empirical parametrization found for 208 Pb [43] was adopted assuming the same momentum transfer dependence. Figure 1 (c) presents representative examples of the MDA for 200 keV excitation energy bins at different excitation energies. They demonstrate that in the low-energy bump M1 contributions are sizable while E1 dominates in the energy region of the IVGDR. At even higher energies, the nuclear background becomes dominant.
The relative yield R of spinflip and non-spinflip cross sections resulting from the MDA and PTA for E x ≤ 11 MeV is compared in Fig. 2 . The two completely independent decomposition methods lead to consistent results within error bars except for one energy bin around 8.5 MeV. In the following, E1 and M1 cross sections averaged over both decomposition methods are considered for excitation energies up to 11 MeV. At higher E x only the MDA results are taken since the ∆S = 0 part of the nuclear background, which cannot be distinguished in the PTA, becomes relevant.
Gamma Strength Function.-The GSF for electric or magnetic transitions X ∈ {E, M } with multipolarity λ is related to the photoabsorption cross section σ Xλ abs by
where E γ denotes the γ energy and J, J 0 are the spins of excited and ground state, respectively [44] . For absorption experiments E x = E γ . The brackets indicate averaging over an energy interval. In practice only E1 and M1 transitions provide sizable contributions to the total GSF. The Coulomb excitation cross sections representing the E1 part of the GSF were converted to equivalent photoabsorption cross sections using the virtual photon method [45] . The virtual photon spectrum exhibits a strong energy dependence, which amounts to a factor of ten for the energy region 6 − 20 MeV covered in the present experiment. It was calculated in an eikonal approach [46] and integrated over the solid angle covered by the experiment. The M1 cross sections from Fig. 2 were converted to reduced transition strengths and the corresponding M1 photoabsoprtion cross sections with the approach described in Refs. [35, 47] . 
FIG. 3. (Color online). (a) GSF of 96
Mo from the present work (red circles) compared with ( 3 He, 3 He γ) [22, 23] (open circles), (γ, xn) [48] (grey squares), (γ, n) [49] , (blue upward triangles) and (γ, γ ) [24] data including a statistical model correction for unobserved branching ratios (black circles) (b) Expanded range from 5 MeV to neutron threshold.
The sum approximating the total GSF in 96 Mo is displayed in Fig. 3(a) as red circles for E γ = 6−20 MeV. The error bars include statistical (dominating the PTA) and systematic (dominating the MDA) uncertainties The result is compared with ( 3 He, 3 He γ) [22, 23] (open circles), (γ, xn) [48] (grey squares), (γ, n) [49] (blue upward triangles), and (γ, γ ) data corrected for unobserved branching ratios [24] (black circles). Above threshold, there is overall fair agreement with the data from Refs. [48, 49] except that the present experiment finds somewhat larger photoabsorption cross sections around the maximum of the IVGDR.
Below S n , the GSF from the present work lies in between the Oslo and the (γ, γ ) experiment. An expanded view of the GSF results between 5 MeV and the neutron threshold S n = 9.154 MeV is displayed in Fig. 3(b) . The (p, p ) and ( 3 He, 3 He γ) results agree within error bars except for the two lowest excitation energies analyzed in the present data. However, these two data points suffer from limited statistics. The (γ, γ ) results [24] 
At lower E x they are systematically at the upper limit of the present results (and sometimes exceed it) and are significantly larger than the Oslo results. The deviations from the present results may arise from the modeling of the large atomic background in the spectra and/or the specific choice of level densities for the simulation of the γ decay cascades [50] .
Level Density.-Since only the product of GSF and LD is measured by the Oslo method [14] , it relies on external data for their decomposition. An independent check of the LD results for 96 Mo is thus of high importance. The good energy resolution of the present data permits an extraction of the LD of J π = 1 − states applying a fluctuation analysis to the fine structure of the IVGDR.. Details of the method can be found in Refs. [36, 51, 52] . We note that the method is based on the assumptiion of a single class of excited states in the spectrum. This presently limits the application to the energy region of the IVGDR while at lower excitation energies 1 − and 1 + states coexist, since the PDR and the spin M1 strength overlap. The LD of J π = 1 − states between 11 and 16 MeV is displayed in the inlet of Fig. 4 in comparison with three widely used systematic parametrizations [44, 53, 54] of the phenomenological backshifted Fermi gas (BSFG) model (see Table I ). The BSFG parameters deduced from the RIPL-3 data base [44] provide a good description, while absolute values from the other models are too high [53] or too low [54] .
In order to compare with the Oslo results, the 1 − LD is converted to a total LD using a spin distribution function 3 He γ) Oslo experiment (blue squares) [22, 23] . The black circle point stems from s-wave resonance neutron capture [49] . BSFG models normalized to the value at Sn are shown as green solid [44] , cyan dashed [53] , and purple dashed-dotted [54] lines. The inlet shows the LD of 1 − states in comparison with absolute predictions of the models.
where σ denotes the spin cutoff parameter. Note that slightly different definitions of f (J) are used in Refs. [44, 53, 54] . Values of σ for the experimental energy range using the respective definitions are given in Tab. I. The model dependence of the conversion to toal LD is taken into account by averaging over the results from the three BSFG parameter sets and taking their variance as a measure of the model uncertainty. The resulting LD (red diamonds) is presented in Fig. 4 together with the Oslo results at lower excitation energies (blue squares) and s-wave neutron capture (black circle) [49] . The BSFG models are normalized to the value at S n . In particular, the RIPL-3 parameters [44] provide a good description of all data over a large excitation energy range, consistent with a similar analysis for 208 Pb [37] .
Conclusions.-A new approach to test the Brink-Axel hypothesis is presented based on a study of the ( p, p ) reaction at 295 MeV and extreme forward angles. The extracted gamma strength function for the test case, 96 Mo, agrees with results of compound nucleus γ decay experiments [22, 23] indicating that the BA hypothesis holds in the energy region of the PDR, in contrast to results from the (γ, γ ) reaction [24] and the claims of Ref. [27] . This is an important finding since the BA hypothesis constitutes a general presupposition for astrophysical reaction network calculations. The high energy resolution and selectivity of the data permits an extraction of the LD at excitation energies above the neutron threshold hardly accessible by other means. A consistent description of the LD with those of the γ decay experiments can be achieved within BSFG models providing independent confirmation of the methods used to separate GSF and LD in Oslo-type experiments.
While the present results support a use of the BA hypothesis for statistical model calculations of reaction cross sections in finite temperature environments, a general statement requires a systematic comparison of GSFs derived from γ absorption and emission experiments in the energy range of the PDR over a broad range of nuclei. For example, the role of deformation needs to be explored by comparing spherical and well-deformed cases with the present results for the moderatly deformed 96 Mo. Work along these lines is under way.
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